Restriction maps were constructed of enzymically amplified 16s rRNA genes (rDNA) isolated from eight Clos?ridium species. Using maximum parsimony, a dendrogram was constructed from these and published 16s rRNA sequence data. Two distinct clusters were identified: cluster I contained C. dBcile, C. sordklli, and C. bifementans, and showed 30 of 35 restriction sites in common; cluster I1 contained C. tetani, C. perfingens C. sprogenes and C. botulinum C and G, and showed 20 of 35 restriction sites in common. Further analysis of cluster I organisms revealed that of five HpaII fragments, two were found in equal amounts in all organisms, one was found in varying amounts in all organisms, and two were found, in varying amounts, only in C. sordelli and C. bifevmentans. C. sordelli-specific and C. bifevmentans-specific HpaII fragments were demonstrated by Southern hybridization of rDNA. One HpaII site within the rDNA was present on most alleles in C. bifementans, present on a minority of alleles in C. sordelli and absent in C. di,,cile. This suggested that there were two 16s rRNA alleles with different sequences present within each of the genomes of C. bifermentans and C. sordklli.
Introduction
Within the genus Clostridium, there is a wide diversity in metabolic activity, nutritional requirements and mol% G + C (Cato et al., 1986) . This often makes classification using phenotypic characteristics inaccurate, and in some species reliance is placed on testing for species-and typespecific toxins (Hatheway, 1990) . Molecular biology techniques may thus be useful for classification within the genus. The eight Clostridium species studied in this paper fall into homology groups I and I1 as defined by the rRNA sequence homology experiments of Johnson & Francis (1 975) .
To allow more rapid diagnosis of infections caused by Clostridium species, the development of a rapid diagnostic technique based on species-specific DNA sequences is desirable. The 16s rRNA gene represents a suitable genomic candidate, enabling analysis of species-specific differences by restriction enzyme analysis. While the sequences of some regions of the 16s rRNA gene are homologous in all bacteria (Neefs et al., 1990) , other regions of this gene show considerable variation. However, 16s rRNA sequence analysis has so far been reported for only a few medically important Clostridium species (Weisburg et al., 1989; Tanner et al., 1981 Tanner et al., , 1982 . Here we report the use of restriction enzymes to demonstrate species differences in the sequence of amplified 16s rRNA genes from eight species of Clostridium using the polymerase chain reaction.
Methods
Bacterial strains. The type strains obtained from the American Type Culture Collection (Rockville, Md.) were C. dificile ATCC 9689, C. bifermentans ATCC 638, C. sordelli ATCC 9714 and CDC-14337, C . sporogenes ATCC 11437, C. botulinum Type C ATCC C17849, C. botulinum Type G ATCC G27322, C. perfringens ATCC 13 124 and E3624. Other strains used were C.perfringens JIR 4 (from Dr J. I. Rood, Monash University, Clayton, Australia), C. dificile (630) (from Dr H. Hachler, University of Zurich, Switzerland), C. tetani 045, C. bifermentans AM360 and AM312 (from Dr R. Wilkinson, University of Melbourne, Australia), together with clinical isolates of C. dijicile (016, 020, and 023), C. sordelli (008) and C. tetani (041) (from the Repatriation General Hospital, Heidelberg, Australia).
Cultivation. All strains were tested using the Rapid ANA I1 System (Innovative Diagnostics Systems, Ga., USA) and by GLC (Sutter et al., 1985) . Purified stocks were stored in cooked-meat broth at room temperature and in glycerol broth at -20 "C. All clostridia were grown in brain heart infusion broth (BHI: GIBCO).
DNA isolation. Genomic DNA was isolated from all clostridia by the protocol of Barbour & Garon (1987) , with some modifications. Bacteria were grown in BHI and all volumes were reduced by a factor of ten. The cell walls were disrupted by the method of Hachler et al. (1987) except that lysozyme was added to a final concentration of 10 mg ml-l. After one phenol/chloroform extraction, the DNA was ethanol-precipitated (Sambrook et al., 1989) , dried in a Speedvac concentrator and redissolved in 100-200 pl TE (10 pM-Tris, pH 8.0, 1 mM-EDTA). the four dNTPs (at 200 p~) and 1 unit of Taq polymerase (Boehringer). Mineral oil (100~1) was then added, and the mixture subjected to 40 cycles of the following incubations: 1 min at 95 "C, 1 min at 50 "C and 2-3 min at 70 "C. The reaction was terminated by the addition of 10 p1 of loading buffer [0.25% bromophenol blue, 0.25% xylene cyanol FF, 40% (w/v) sucrose] and the mixture was stored at 4 "C. The efficiency of the reaction was estimated by analysing 10 pl of the mixture on 1 % (w/v) 'AR' agarose minigels. The primers used were designed from the conserved regions of the 16s rRNA sequence of Escherichia coli (Brosius et al., 1978) and allowed amplification of the (R015-R 1408) and (R907-R 1408) regions, using the numbering system of Lane et al. (1985) . The forward primers were (R015-R027) GATCCTGGCTCAG and (R907-R926) AAACTCAAATGAATT-GACGG and the reverse primer was (R1391-R1408) GACGGGCG-GTGTGTACAA.
Preparative agarose gel electrophoresis. After initial analysis of the PCR products, three reactions were pooled and separated on 4% (w/v) low-gelling-temperature agarose, or 1 % (w/v) 'AR' agarose minigels.
The predominant bands of 1.4 or 0.5 kb were cut from the gel and the DNA was purified using a Gene Clean kit following the manufacturer's instructions (Bio 101).
Restriction enzyme analysis. Purified PCR products (RO 15-R1408) and (R907-Rl408) were digested singly or doubly with combinations of 10-15 units of AluI, MspI, HaeIII, HpaII, HindIII, RsaI and CfoI, as instructed by the manufacturer (Boehringer). Genomic DNA was digested with 30 units of HpaII and/or HaeIII. The restriction fragments were resolved on 4% (w/v) low-gelling-temperature agarose gels.
Pulsed-field gel electrophoresis. Agarose blocks containing DNA from Clostridium species were prepared by the method of Smith & Cantor (1987) with some modifications. Bacteria were grown in 2 ml BHI, washed once in 0.2 ml SE (75 mM-NaC1,25 mM-EDTA, pH 7.4) and resuspended in 0-2 ml SE with 2 mg lysozyme ml-I. Agarose blocks were prepared, placed in SE with 2 mg lysozyme ml-* for 1 h at 37 "C, incubated overnight in lysis solution [ 1 mg proteinase K ml-l, 1 % (w/v) N-lauroylsarcosine, 0.5 M-EDTA, pH 9.51, and washed six times in TE and three times in restriction buffer. To each half block was added a 10 pl solution containing restriction buffer, 2 mM-spermidhe, 0.2 mg BSA ml-I and 40 units SmaI. The DNA fragments were separated on 1.2% (w/v) 'AR' agarose using a Pulsaphor I 1 unit (Pharmacia) at 10 "C with a voltage of 170 V and pulse times of 80 s for 16 h, 100 s for 5 h, and 120 s for 3 h. Molecular mass markers were concatemers of lcI857 Sam7.
Data analysis.
The restriction enzyme site data were analysed by three methods. (1) The presence or absence of restriction enzyme sites was scored by either a 1 or 0 respectively. The resulting data matrix was analysed by maximum parsimony using the program PAUP (Swofford, 1985) . (2) Common restriction sites were analysed by calculating 'D' values (Nei & Li, 1979; Vilgalys & Hester, 1990) for each of the six restriction enzymes. The average of the six individual distance matrices ( D values) was used to construct a dendrogram using the NJTree program (version 2.0) which is based on the neighbour-joining method (Saitou & Nei, 1987) . (3) The amount of each HpaII restriction fragment relative to the total PCR product (R015-Rl408) was quantified by scanning the Polaroid negative of the ethidium-bromidestained gel using a Helena Laboratories laser densitometer.
Southern hybridization. DNA fragments separated by electrophoresis were transferred to nylon membranes (Sambrook et al., 1989) . The digoxigenin labelling and detection system was used according to instructions (Boehringer), with some modifications. The PCR product (R015-R1408) from C. bgermentans 360 (1.2 pg) was labelled with digoxigenin by incubation in a total volume of 100 pl, with all reagent concentrations as stated, for 16 h at 37 "C. After prehybridization, the filter was hybridized for 16 h in 20 ml of solution containing 0.5 pg digoxigenin-labelled DNA ml-I. The filter was washed and the hybridized DNA detected colorimetrically. The filter was photographed while wet, using Polaroid type 55 film.
Results and Discussion

Phylogeny
The restriction maps of region (R015-R1408) for eight Clostridium species are shown in Table 1 . The eight species were arranged on the basis of restriction site similarities into cluster I (C. dzficile, C . bifermentans, C. sordelli) and cluster I 1 (C. tetani, C. perfringens, C. sporogenes, C . botulinum C + G). Five restriction site differences occurred within cluster I [at AluI (205, 459, HpaII (215) and HindIII (425, 625)] compared with 15 within cluster I 1 [at AluI (85, 205, 245, 455, 855, 995, 1305) , HaeIII (285, 325, 445, 925) , HpaII (1 135, 1305), HindIII (85) and CfoI (380)l. There were no differences in the three RsaI sites within cluster I 1 or the six RsaI, three CfoI and four HaeIII sites within cluster I . There were no intra-species site differences detected with all enzymes. Examples of the fragment differences within and between clusters are shown in Fig. 1 .
When the data shown in Table 1 were analysed by maximum parsimony, four parsimonious trees were obtained. The consensus dendogram of these four trees is shown in Fig. 2 . Between the four trees the branching order was fixed, except for Bacillus subtilis, C. sporogenes, C . botulinum C and G (shown by trichotomies). In all possible trees, Mycoplasma capricolum, C. ramosum, and C. sticklandii were positioned between clusters I and 11. The reference species (C. ramosum, C. innocuum, C . sticklandii, M . capricolum and E. coli) were well separated from clusters I and 11. A similar dendogram was obtained when the data were analysed by the neighbourjoining method (not shown).
The rRNA homology studies of Johnson & Francis (1975) demonstrated that C. tetani, C. sordelli and C .
bifermentans were in group 11; group I was divided into ten subgroups with C. perfringens in IC, C . sporogenes in IF, C. botulinum C in IH and C. botulinum G in IK ; group I11 contained C. ramosum and C. sticklandii while C. innocuum was in an homology group distinct from I , I 1 and 111. These results correlate well with the present study, except that C. tetani fell into cluster I 1 and no differences were found between C. sporogenes and C. botulinum C . It has been shown by 16s rRNA sequence analysis that the Mycoplasma cluster is in close proximity (Weisburg et al., 1989 ). Further studies with additional Clostridium species are required to determine the precise location of M. capricolum between clusters I and 11.
The finding that C. botulinum G is genetically distinct from C. sporogenes and other C . botulinum types is consistent with previous biochemical studies (Hatheway, 1990) . Although the lack of urease production by C. bifermentans is the main criterion for differentiating it from urease-producing C. sordelli (Brooks & Epps, 1958) , reliance of urease-production to differentiate between C. sordelli and C. bifermentans may be questionable.
The novel approach described can be used in rapid identification of eight Clostridium species of relevance in the clinical laboratory. The limitation of this method in defining taxonomic relationships is that only l0-15% of the 16s rRNA gene was analysed. However, the results were mainly consistent with previous biochemical and molecular studies and the approach used was rapid and easy to perform. urease-negative strains of C. sordelli have been reported (Nakamura et al., 1976) . However, in the present study Species-s'ecific rRNA C. bifermentans 312 was urease-positive, yet there were no intra-species restriction site differences. Thus, the The number of 16s rRNA alleles was determined as seven in E. coli (Kiss et al., 1977) and eight in B. subtilis Fig. 1 . Electrophoresis of HpaII digests of PCR product (R015-Rl408) from Clostridium species and strains. Lanes: 1, HaeIII-digested pBR322 DNA and (BglI plus Hinf1)-digested pBR328 DNA; 2, Clsordelli9714; 3, C. sordelli 14337; 4, C. sordelliOO8; 5, C. bifermentans 312; 6, C. bifermentans 360; 7, C. bifermentans 638; 8, C. dificile 630; 9, C. dificile 016; 10, C. dificile 020; 11, C. dificile 023; 12, C. diflcile 9689; 13, C. botulinum G G27322; 14, C. botulinum C C17849; 15, C. sporogenes 11437. The letters a-e refer to HpaII restriction fragments. The sizes of these fragments (error < 5%) were determined from 5-9 experiments for cluster I strains and 2-4 for cluster I1 strains.
C. ramosum (Moran & Bott, 1979) . In the present study, eight 16s rRNA alleles were detected in C. dzficife, and ten alleles by pulsed-field electrophoresis and Southern hybridization (not shown).
C. sticklandii
An analysis of the HpaII sites within region (R015-R1408) was undertaken to determine if there was sequence variation between 16s rRNA alleles of cluster I species. Methylation of HpaII sites did not contribute to restriction site differences since genomic DNA from M. capricolum Cluster I1
B. subtilis
cluster I digested with MspI or HpaII gave identical 16s rRNA hybridization patterns (not shown). Genomic DNA digested with MspI gave identical intra-species hybridization patterns within cluster I (not shown). Fig. 1 shows differences in the amount of each HpaII fragment generated from the three cluster I species. These differences were quantified by laser densitometry Fig. 2. A dendrogram constructed by maximum parsimony, showing the genetic relationships of the Clostridium species and reference strains. A data matrix was constructed using the restriction site data in Table 1 . The corresponding information for the same enzymes was deduced from published 16s rRNA sequences from C. innocuum, C. sticklandii, C. ramosum, B. subtilis (Neefs et al., 1990) , M. capricolum (Lim & Sears, 1989) , and E. coli (Brosius et ul., 1978) .
-1 arbitrary unit E. coli Fig. 3 . Hybridization of 16s rRNA genes to genomic DNA and PCR product (R015-R1408). Lanes: 1, HpaII digest of PCR product (R015-Rl408); 2, HpaII digest of genomic DNA; 3, Hue111 digest of PCR product (ROl5-R1408); 4, Hue111 digest of genomic DNA; and 5, Hue111 plus HpaII digest of genomic DNA. The DNA was isolated from C. sordelli 14337 (lanes 1,3,4,5), C. sordelli9714 (lane 2), C . bifermentans 360 (lanes 1-5), and C. dificile 630 (lanes 1-5). Lane M contains 150 ng photodigoxigenin-labelled (BglI plus HinfI> digested pBR328. The letters bl , d l and d2 refer to genomic HpaII fragments; y1 and z1 refer to genomic Hue111 fragments; x-z refer to HaeIII fragments of PCR product (R015-R1408) and (a-e) are as defined in Fig. 1 . The size of each genomic fragment was determined from three separate Southern hybridization experiments. and revealed no differences in the relative amounts of fragments a and e but significant differences in amounts of fragments b, c, and d [(35%, 3% and 4% for C. sordelli) compared to (2%, 24% and 22% for C. bifermentans) compared to (46%, 0% and 0% for C. dzficile)]. These differences could be explained by the occurrence of a variable HpaII site which was not found on all 16s rRNA alleles in cluster I species.
To confirm the presence of a variable HpaII site in cluster I , species-specific HpaII fragments were sought. When DNA was digested with HpaII ( Fig. 3) , b and d were present only within PCR product (RO15-R1408), b, was present only in genomic DNA, d l was present only in genomic DNA from C. bifermentans, d2 was present only in genomic DNA from C. sordelli and a, c and e were present in genomic DNA and PCR product (R015-R1408). When DNA was digested with HaeIII ( Fig. 3) , y was detected only within PCR product (ROl5-R1408), y , and z1 were detected only in total DNA, and x and z were present in genomic DNA and PCR product (R015-R1408). The HpaII fragment d l was not digested by HaeIII. The HpaII fragments bl , c and d2 were digested by HaeIII, resulting in the appearance of zl. Fragment z1 was more intense in C . bifermentans than in C. sordelli.
The distribution of HpaII restriction fragments within cluster I is summarized in Fig. 4 . Allele A contained b and b , , and was predominant in C. sordelli. Allele B contained c, d and zl, and was predominant in C. bifermentans. The location of C. sordelli-specific d2 and C. bifermentans-specific d l on allele B was confirmed when HaeIII digested d2 but not d , . Only allele A was present in C. dzficile. Thus, within cluster I, HpaII site Q was absent in C. dzficile, present on the minority of alleles in C . sordelli and present on the majority of alleles in C. DNA has been demonstrated between clinical isolates of Providencia stuartii (Owen et al., 1988) . However, it has not been demonstrated whether the differences are due to restriction site changes between alleles within a genome. Restriction site differences have been detected between the two 16s rRNA alleles of Halobacterium marismortui (Mevarech et al., 1989) . The present study has demonstrated restriction site differences between two alleles present in varying amounts within the genomes of C. biferrnentans, C. sordelli and C. dzflcile. The occurrence of alleles that have different DNA sequences within the genomes of some clostridia may have implications for DNA sequencing and the design of oligonucleotides for PCR.
